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Edited by Lukas HuberAbstract Gas chromatography–mass spectrometry based
metabolite proﬁling of biological samples is rapidly becoming
one of the cornerstones of functional genomics and systems biol-
ogy. Thus, the technology needs to be available to many labora-
tories and open exchange of information is required such as those
achieved for transcript and protein data. The key-step in metab-
olite proﬁling is the unambiguous identiﬁcation of metabolites in
highly complex metabolite preparations with composite struc-
ture. Collections of mass spectra, which comprise frequently ob-
served identiﬁed and non-identiﬁed metabolites, represent the
most eﬀective means to pool the identiﬁcation eﬀorts currently
performed in many laboratories around the world. Here,
we describe a platform for mass spectral and retention time index
libraries that will enable this process (MSRI; www.csbdb.mpimp-
golm.mpg.de/gmd.html). This resource should ameliorate many
of the problems that each laboratory will face both for the initial
establishment of metabolome analysis and for its maintenance at
a constant sample throughput.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In the last decade, the maturity of genomic technologies gen-
erated a vast amount of sequence data and thus allowed full
insight into the ﬁnite number of genes which constitute organ-
isms. As a consequence, biological science went through a par-Abbreviations: GC, gas chromatography; MS, mass spectrometry;
MST, mass spectral metabolite tag; RI, retention time index; TOF,
time of ﬂight
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and regulation. With these tasks at hand, comprehensive tech-
nologies have been developed which aim at comprehensive and
non-biased monitoring of gene expression, and coinciding ef-
fects on protein composition and changes in metabolism. Con-
sequently, new ﬁelds emerged in biological science which we
today call transcriptomics, proteomics and metabolomics.
With increasing amount and diversity of ‘‘-omics’’ data, the
need for standardization by the research community arises
and availability of tools for a user-friendly, open access to
the ﬂood of information has become essential.
One of the ﬁrst ‘‘-omics’’ databases, BRENDA, was devel-
oped in 1987 [1]. BRENDA is a powerful database of enzyme
and metabolic information initially published as a series of
books, now adapted to a relational database and accessible
through the worldwide-web. BRENDA hosts about 83000 dif-
ferent enzymes from 9800 diﬀerent organisms and describes en-
zyme function, taxonomy, sequences and enzyme ligands. The
Munich Information Centre for Protein Sequences (MIPS)
provides databases related to protein sequences based on
whole genome analysis and annotation. For example, MIPS
hosts databases of Saccharomyces cerevisiae and Neurospora
crassa which comprise maps of protein–protein interactions,
protein localization, and information on transcription factors,
cDNA libraries and gene homology [2]. Transcript proﬁling
rapidly evolved into a worldwide accepted and generally ap-
plied laboratory tool. Subsequently, databases were designed
and established, which eﬃciently deal with transcriptome data.
The Stanford microarray database (SMD), which hosts data of
over 3500 DNA-microarrays of 12 distinct organisms, includ-
ing bacteria, plants and animals, was the ﬁrst implementation
to fulﬁl this aim [3].
With the full availability of the human genome sequence the
need and opportunity to understand the structure and function
of all proteins, beyond those with enzymatic properties, was
met with respective initiatives. For example HPI, the human
protein initiative, focuses on the annotation of both the human
genome and proteome. As proteins are generally regarded to
determine cellular function, the full exploration of the prote-blished by Elsevier B.V. All rights reserved.
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tion in high quality to facilitate further investigations of the
genomic and proteomic data [4].
Presently, a wealth of databases houses information gath-
ered at the genomic, transcriptomic, proteomic and metabolo-
mic levels of live, e.g. [1,5]. However, there is a signiﬁcant lack
of a metabolome database, capable of storing the ﬂood of data
arising from analysis of biological samples using established
gas chromatography–mass spectrometry (GC–MS) techniques
for metabolome [6–9] and ﬂuxome analysis [10–12]. Most
promisingly, ﬁrst eﬀorts have already been made by the plant
metabolomics community to agree on conventions for data
formats and the description of metabolomics experiments
[13,14].2. GC–MS based metabolome analysis: Application and key
challenge
GC–MS based metabolome analysis has profound applica-
tions in discovering the mode of action of drugs or herbicides
and helps unravel the eﬀect of altered gene expression on
metabolism and organism performance in biotechnological
applications. The prerequisite and thus key challenge of
metabolite proﬁling is the rapid, reliable and unambiguous
identiﬁcation of hundreds of metabolites in highly complex
preparations, such as blood plasma, intracellular microbial ex-
tracts, or complex plant and animal samples. Identiﬁcation is
routinely performed by time-consuming standard addition
experiments using commercially available or puriﬁed metabo-
lite preparations. Thus, a strong need for a publicly accessible
database exists, harbouring the evidence and underlying
metabolite identiﬁcation in complex GC–MS proﬁles from
diverse biological sources. In addition, the non-supervised
collection of as yet unidentiﬁed mass spectra of metabolites,
‘‘so-called’’ mass spectral metabolite tags (MSTs), will most
likely be highly eﬀective for future identiﬁcation eﬀorts and
discovery of novel metabolic markers. In this report, we pres-
ent a platform of mass spectral and retention time index
(MSRI) libraries, generated using identical types of capillary
GC columns, however, utilizing two independent GC–MS
detection technologies, namely quadrupole (QUAD) GC–MS
[6,7,9,15] and GC-TOF (time of ﬂight)-MS [8,16]. In the fol-
lowing study, we will present three test cases which illustrate
the general applicability of this library for the key processesFig. 1. The distribution of major compound classes, which were identiﬁed
glutamicum. Note that more than 50% of the metabolites that are covered bof GC–MS based metabolite proﬁling, (i) identiﬁcation or pre-
liminary classiﬁcation of all MST components, which are pres-
ent in any given biological sample, (ii) query for those
biological samples that contain a certain metabolite, (iii)
matching of metabolite identiﬁcations made on diﬀerent
GC–MS systems and by diﬀerent laboratories.3. Mass spectral and retention time index libraries for GC–MS
We propose public exchange and open access of mass spec-
tral identiﬁcations from GC–MS metabolite proﬁles, for exam-
ple, through a web-based platform of MSRI libraries
(www.csbdb.mpimp-golm.mpg.de/gmd.html [17]). In addition,
we provide downloadable ﬁles, which can be imported into the
currently leading and widely accepted NIST02 mass spectral
search program or AMDIS, the automated mass spectral
deconvolution and identiﬁcation system (National Institute
of Standards and Technology, Gaithersburg, MD, USA)
[18,19]. Both software systems are publicly available from
www.chemdata.nist.gov/mass-spc/amdis/ and www.chem-
data.nist.gov/mass-spc/Srch_v1.7/index.html. Our libraries
are classiﬁed according to technology and degree of manual
mass spectral identiﬁcation that was required for the library
construction. After import into NIST02, the current libraries
may be fused into one or customized subsets generated.
Q_MSRI and T_MSRI libraries contain MSTs, which were
either generated on three identically conﬁgured quadrupole
(Q_MSRI) GC–MS systems or on a single time of ﬂight
(T_MSRI) system. All systems were run with identical settings
except for the temperature program and scanning rate (refer to
the MSRI Library: Methods on the web). Mass spectral li-
braries, which exclusively comprise manually evaluated, identi-
ﬁed or classiﬁed MSTs, are assigned to ID-libraries, indicative
of supervised identiﬁcations. Libraries which were generated
exclusively by automated deconvolution were assigned NS
indicative of the non-supervised mode of construction. The
NS-libraries may contain deconvolution errors, such as multi-
ple mass spectra for single components, accidental deconvolu-
tions, due to random ﬂuctuations of background noise, or
partial and mixed, in other words, chimeric mass spectra of
metabolic components. In addition, detailed information on
processed biological samples, source of pure reference com-
pounds, respective collaborators and previous citations is pro-
vided. For those queries on the current mass spectralin GC-TOF-MS proﬁles in cellular extracts from Corynebacterium
y GC–MS are currently non-identiﬁed MSTs.
Table 1
Metabolites found in preparations of blood plasma samples from
domestic sheep
Class Metabolite
Amino acidsa 2-Aminobutyric acid
4-Hydroxyproline
Alanine
b-Alanine
Glycine
Alanine
Arginine
Asparagine
Cysteine
Glutamic acid
Glutamine
Homoserine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine
N-Acetylglycine
Ornithine
Pyroglutamic acid
S-Methyl-cysteine
Organic acids 2-Ketoglutaric acid
4-Hydroxybenzoic acid
Benzoic acid
Citric acid
Erythronic acid
Fumaric acid
Gluconic acid
Glucuronic acid
Glutaric acid
Glyceric acid
Gulonic acid
Isocitric acid
Itaconic acid
Malic acid
Threonic acid
trans-Sinapinic acid
Lipids 9,12-(cis,cis)-Octadecadienoic acid
Hexadecanoic acid
Octadecanoic acid
a-Tocopherol
b-Sitosterol
Campesterol
Cholesterol
Phosphates Adenosine-5-monophosphate
Glycerol-3-phosphate
myo-Inositol-phosphate
Phosphoric acid
Sugarsa Arabinose
Fructose
Glucose
Raﬃnose
Ribose
N-compounds Allantoin
Hypoxanthine
Inosine
Thymine
able 1 (continued)
lass Metabolite
lcohols Erythritol
Glycerol
myo-Inositol
Sorbitol
Threitol
Xylitol
Kaempferol
ith rare exceptions DL stereoisomers are not separated on the
urrent choice of GC capillary column.
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ccollection, which cannot be performed within NIST02, we oﬀer
a tab delimited compilation of the manually evaluated mass
spectra (refer to the MSRI library: descriptions on the web)
and access through web query forms. Currently, we support
queries within ID-libraries, such as compound search, mass
spectral search using names or mass spectra and customized li-
brary generation for subsets of mass spectra.
We previously demonstrated that both mass spectrum and
retention time index are required for unequivocal metabolite
identiﬁcation in GC–MS proﬁles [16]. This feature was not
available in commercial mass spectral comparison software.
Therefore, the central feature of our web search forms is op-
tional restriction of searches to RI windows and sorting of
hit lists according to RI deviation and mass spectral similarity.
For a shortlist of the currently implemented matching tools
and queries please refer to [17].
The present version of the Q_MSRI_ID library contains
1166 identiﬁed or annotated MSTs, which represent 574 non-
redundant compounds. Of these compounds 306 are unambig-
uously identiﬁed, while the residual MSTs are annotated with
the best mass spectral match from a commercially available
mass spectral collection (National Institute of Standards and
Technology, Gaithersburg, MD, USA). The T_MSRI_ID col-
lection has a similar size, namely 855 MSTs with 229 identiﬁ-
cations within the set of 632 non-redundant components. The
non-supervised collections comprise close to 30000 MSTs
from a range of plant organs, root, leaf, tuber, stolon, ﬂower,
and fruits in diﬀerent developmental stages, and suitable non-
samples controls. Plant species covered are model plants, crops
and related wild species, such as Lotus japonicus, Arabidopsis
thaliana, Solanum tuberosum, Nicotiana tabacum, Solanum
lycopersicum, Solanum pennellii, Solanum parviﬂorum, Solanum
pimpinellifolium, Solanum habrochaites, Solanum neorickii.4. Test cases
4.1. Test case 1: Analysis of sample composition
Non-supervised MSRI data allow screening for diﬀerences
in various samples. A given biological sample can be compared
to the non-supervised library. All MSTs, which match in their
mass spectrum and RI, within certain thresholds, such as mass
spectral match >650 and RI deviation <3.0, will be presented
as possible hits, thus allowing the evaluation of whole biologi-
cal samples for diﬀerences in composition with respect to mass
spectral datasets from the established MSRI library. In the fol-
lowing, we applied the above thresholds for automated identi-
ﬁcation but still performed additional manual veriﬁcation on
each of the best hits.
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pounds with known RI and mass spectra in speciﬁc biological
samples. A typical example of the metabolite composition
from polar bacterial extracts demonstrates the scope of GC–
MS based metabolite proﬁling (Fig. 1). To further illustrate
the power of this tool, we have chosen the plant speciﬁc ﬂavo-
nol (kaempferol), a phytosterol (b-sitosterol) and vitamin E (a-
tocopherol). Taking into account that sheep are herbivores, we
expected to ﬁnd b-sitosterol and kaempferol also in sheep plas-
ma samples. To test our hypothesis, we have performed a
MSRI library searching for these compounds in sheep blood
plasma samples, resulting in mass spectral hits for b-sitosterol
and kaempferol in the plasma composition (Table 1).
It is also known that tocopherol and its derivatives play an
important role in the human diet and thus are important tar-
gets for novel nutrigenomics approaches [20,21]. Tocopherol
is additionally widely hypothesized to be helpful in preventing
diseases associated with oxidative stress. Therefore, the ques-
tion arose whether this substance can be easily identiﬁed in
mammal tissues? Here, we demonstrate the power of a MSRI
library to search for a-tocopherol in diﬀerent samples from
animal, as well as plant tissues. Considering the importance
of this compound for mammals, we expected to ﬁnd a-tocoph-
erol in animal samples and querying the library indeed resulted
in the identiﬁcation of a-tocopherol in blood plasma sample
from sheep (Table 1).
4.2. Test case 2: Analysis of metabolite occurrence
A laboratory which maintains a GC–MS based metabolite
proﬁling facility will continually need to identify metabolites.
Frequently, the identity of previously non-identiﬁed MSTs will
be discovered and the question will arise if these MSTs were
found in previous experiments [7,16,22,23] or by other labora-Table 2
Occurrence of metabolites in non-supervised libraries of A. thaliana, L. japo
Species Organ Quinic acid Caﬀeic a
Match DRI Match
Arabidopsis thaliana
(L.) Heynh.
Leaf 649 1.9
Arabidopsis thaliana
(L.) Heynh.
Root 723 2.0
Lotus japonicus Root lateral
Lotus japonicus Root primary
Lotus japonicus Nodule 752
Lotus japonicus Flower 795 0.4
Lotus japonicus Leaf developing 685 0.1
Lotus japonicus Leaf mature 565a 0.2
Solanum lycopersicum Root 963 0.2
Solanum lycopersicum Leaf 854 0.5 838
Solanum lycopersicum Green fruit 967 1.4
Solanum lycopersicum Orange fruit 930 1.3
Solanum lycopersicum Red fruit 964 0.7
Solanum neorickii Fruit 45DAF 964 0.9
Solanum neorickii Leaf 950 0.9 862
Solanum habrochaites Fruit 45DAF 959 0.6
Solanum habrochaites Leaf 909 0.5 825
Solanum parviﬂorum Fruit 45DAF 964 0.8
Solanum parviﬂorum Leaf 926 1.0 856
Solanum pennellii Fruit 45DAF 799 0.0
Solanum pennellii Leaf 953 0.4 848
Solanum pimpinellifollium Fruit 45DAF 778 0.7
Solanum pimpinellifollium Leaf 912 1.6 847
Presence of a metabolite is validated by best mass spectral match on a scale
aLow mass spectral match results from mixed mass spectra with a co-elutingtories [8,9]. It will therefore be important to identify the type
and source of sample, which showed this MST. For this pur-
pose, non-supervised mass spectral libraries, which may hold
independently repeated analyses of each type of sample, will
be valuable tools. We chose chlorogenic acid, a typical second-
ary product of solanaceous species, and the ubiquitous precur-
sor quinic acid to demonstrate the possible gain of knowledge
to be retrieved from non-supervised mass spectral libraries
(Table 2). Our analysis indicated the presence above detection
limit of quinic acid in almost all proﬁles analysed, whereas caf-
feic acid, the second precursor of chlorogenic acid, was present
above detection limit only in leafs and L. japonicus nodules. In
agreement with expectations, chlorogenic acid and its posi-
tional isomers were found with good mass spectral match
and RI deviation in Solanum samples.
4.3. Test case 3: GC–MS system transfer of metabolite
identiﬁcations
Almost all metabolites were analysed either in diﬀerent lab-
oratories or on two GC–MS technology platforms, GC-
QUAD-MS and GC-TOF-MS. The resulting information on
retention time indices from both technology platforms clearly
demonstrated strict linearity in a comparative analysis of both
systems, provided the same type of capillary column was used
(Fig. 2). Thus, RI prediction through regression appears highly
feasible for diﬀerent GC–MS systems, but only when identical
column types are used. Nevertheless, we detected compound
speciﬁc deviations from the prediction (Fig. 2). On average
we observed an error of 5.4 RI units, but most deviations
were minor and within the expected range taking the typical
reproducibility of retention time indices within one system into
consideration [16], namely up to 2.0 RI units (standard devia-
tion), depending mostly on changes in metabolite amount. Innicus and Solanum species
cid Chlorogenic
acid
4-Caﬀeoylquinic
acid
5-Caﬀeoylquinic
acid
DRI Match DRI Match DRI Match DRI
2.4
974 0.4
0.8 975 0.1 939 1.1 822 0.7
970 1.6
965 1.6
949 1.8 916 2.0
976 1.1 555a 2.1
1.9 974 1.2 971 0.9 827 1.0
949 0.4 920 1.2
1.9 936 0.6 962 0.9 747 0.9
888 0.8
1.6 975 0.2 971 1.2 802 1.8
974 0.6
0.6 973 1.3 925 1.5
977 0.9
2.4 966 0.1 961 1.0 840 0.4
0–1000 (match) and smallest deviation of retention time index (DRI).
compound (presence of compound was manually veriﬁed).
Fig. 2. Comparative analysis of retention time indices (RI), which
were determined in parallel on two GC–MS technology platforms in
diﬀerent laboratories, demonstrates that knowledge of one RI system
allows good prediction of RI in a second system. Retention time
indices were determined on TOF and QUAD GC–MS systems. GC
capillary columns were of identical build. Lab 2 operates TOF and
QUAD GC–MS systems.
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or amino acids [6–9,15,16], mostly exhibited common positive
or negative trends of deviation. Therefore, RI information ob-
tained from one technology platform will allow good predic-
tion of retention time indices, if reference compounds are
already mapped on both systems. Use and implementation
of RI systems for diﬀerent GC column types is ongoing eﬀort
in our laboratories (data not shown) but RI prediction will
require other methods than regression, because the elution-
sequence of compounds is known to change.5. Conclusions
The hypothesis and test cases described here present, for the
ﬁrst time, a comprehensive MSRI library database covering
MSTs of GC–MS metabolite proﬁles from mammals, coryne-
bacteriae and major plant species. It includes in total more than
2000 fully evaluated mass spectral data sets obtained using two
distinct technology platforms with 1089 non-redundant and 360
identiﬁed MSTs. The database is designed to be continuously
extended by additional accessory information as it becomes
available. We demonstrated the use of this MSRI library to
screen biological samples for known compounds and showed
the appliance of the non-supervised library for screening sam-
ples for known or recently identiﬁed mass spectra.
This library is constantly being updated with every new bio-
logical sample and application run in-house. Because even
slight changes in GC–MS settings, such as carrier ﬂow, temper-
ature ramp, and dimension/make of capillary columns, induce
shifts in retention behaviour of substances, GC–MS systems
need to be recalibrated after each change. As there is currently
no solution – other than recalibration – addressing the prob-
lem of RI shifts using diﬀerent GC–MS machines we would
like to oﬀer to the biological and metabolite proﬁling commu-nity to perform qualitative analysis of any biological sample
using our currently running protocols.
In addition to oﬀering this service to the community, we be-
lieve that the data presented here demonstrate three general
applications of such libraries, which will help to advance the
ﬁeld. (i) The composition of still non-characterized biological
samples, for example blood plasma, or microbial extracts (data
not shown) can be screened for identiﬁed constituents, and ten-
tative best matching compounds. (ii) Occurrence of identiﬁed
metabolites can be analysed in a large range of biological sam-
ples, such as diﬀerent plant organs or species. For this purpose,
we provide libraries comprising samples from tomato, related
wild type species, and other Solanacea, collections of diﬀerent
organs of L. japonicus, A. thaliana, and preparations from
microbial species. (iii) Subsequent analysis of samples on two
diﬀerent GC–MS systems facilitates transfer of identiﬁcations
made on the ﬁrst system to the second. We present data on
identiﬁcations, which were made in-parallel on QUAD
GC–MS and GC-TOF-MS systems in diﬀerent laboratories
worldwide. This is therefore the ﬁrst validation that metabolite
proﬁling, when carried out with appropriate care, can yield
comparable results between laboratories. Given the number
of independent laboratories involved in this study, we believe
that it oﬀers similar reassurance as provided to the microarray
community by the multi-laboratory Aﬃmetrix microbial gene
expression study. We are convinced that the eﬀort described
here will be useful on several levels. Not only will it meet a re-
cently expressed demand within the metabolomics community
[13,24], which was already apparent in earliest metabolomics
applications in clinical diagnostics [25], but it will also aid lab-
oratories entering the ﬁeld of metabolomics.
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